In this paper, the partitioned stator (PS) structure is extended to variable-flux memory machines, forming two newly emerged PS switched-flux memory machines (PS-SFMMs) with series and parallel hybrid magnet configurations. From the perspective of geometry, both two PS-SFMMs share identical outer stator and rotor segments, while two different types of permanent magnet (PM) arrangements are employed in the inner stationary part. Thus, the developed machines can inherent the geometric separation of the armature winding and PM excitations from the PS design, thus achieving acceptable torque capability, and excellent air-gap flux control. A comparative study between PS-SFMMs with series and parallel structures is established. First, the topologies and operating principle are introduced, respectively. In addition, the design tradeoffs and PM sizing of the two PS machines are revealed and optimized with a simplified magnetic circuit model. Then, the electromagnetic characteristics of PS-SFMMs with different magnetic circuits are investigated and compared with the finite-element (FE) method. The FE results are validated by the experiments on a parallel prototype.
I. INTRODUCTION

D
UE to the advantages of high torque density and high efficiency, permanent magnet (PM) machines are widely considered as a competitive candidate for electric vehicle applications [1] . Nevertheless, the non-adjustable air-gap flux of the conventional rare-earth PM machines inevitably results in limited constant-power speed range (CPSR). Meanwhile, the required d-axis flux-weakening (FW) current and the associated high copper loss reduces the efficiency particularly at high speeds [2] . Thus, the conventional PM machines generally suffer from a conflict between low-speed high torque and high-speed high power. As a consequence, it is highly desirable to achieve flexible air-gap flux control so as to satisfy the specific requirement over a wide range of loads and speeds [3] .
As a viable solution to perform PM magnetization state (MS), the concept of "memory machine (MM)" is proposed and extensively investigated [4] - [17] . Due to the utilization of low coercive force (LCF) PMs, the flexible air-gap flux adjustment can be achieved by applying a temporary current pulse to magnetize LCF PMs. Thus, MSs of LCF PMs can be "memorized" by the corresponding current pulse level. Meanwhile, the associated excitation copper loss is negligible, allowing high-speed loss to be substantially reduced. As a consequence, high efficiency can be maintained within a wide operating range of speeds and loads. In addition, since back electromotive force (EMF) of MM can be controlled due to the variable-flux property so that CPSR can be further extended within the inverter voltage constraint [3] . Due to the above Manuscript received November 6, 2018 merits, MM is widely recognized as a suitable choice for widespeed-range applications [5] - [7] . Generally, MMs can be categorized into ac-and dc-magnetized types according to the winding types supplying the current pulse. Compared to ac-magnetized MMs [4] - [8] resorting to a d-axis current pulse and relatively complicated flux control, dc-magnetized MMs [9] - [17] with auxiliary dc magnetizing coils benefit from more expedient online MS control. The structures of doubly salient [9] - [12] and switched flux [13] - [17] are extended to dc-magnetized MMs. Several advantages such as excellent rotor robustness and easy thermal dissipation can be obtained. Besides, two sets of magnets are used in order to improve the torque density, i.e., NdFeB and LCF PMs. Nevertheless, due to the crowded stator issue in single-stator dc-magnetized MMs [9] - [17] , the torque density is inevitably compromised. In order to alleviate this issue, a partitioned stator switched-flux MM (PS-SFMM) is developed [15] - [17] . The armature windings and PMs are separately located on two stators, respectively. The conflict between magnetic and electric loadings is alleviated. Hence, high torque density and energy-efficient flux control capability can be simultaneously realized. However, the previous studies mainly focus on the new topology development [15] , [16] and performance analysis [17] in individual cases. Nonetheless, the feasibility of possible magnetic circuits and the corresponding characteristic investigation for the PS-SFMMs remains unreported.
Therefore, to fill this knowledge gap, this paper presents a comparative study of PS-SFMMs with series and parallel hybrid PM configurations. This paper is organized as follows. In Section II, the topologies and operating principle are described, respectively. In Section III, the design tradeoffs and PM sizing of the two PS machines are analytically revealed and optimized with a simplified magnetic circuit model. Then, the electromagnetic characteristics of PS-SFMMs with dif-0018-9464 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. ferent magnetic circuits are investigated and compared with the finite-element (FE) method in Section IV. The FE results are validated by the experiments on a parallel prototype in Section V, followed by a conclusion drawn in Section VI.
II. PROPOSED PS-SFMMs WITH PARALLEL AND SERIES CONFIGURATIONS
A. Machine Configurations
The topologies of PS-SFMMs having parallel and series structures are shown in Fig. 1 . Both the two machines feature a spoke-type configuration with the same magnet usages. Besides, both the two PS-SFMMs are characterized by the separate PM and armature excitations on the outer and inner stators, respectively. The rotor salient poles are sandwiched between the two stators. The outer stator carrying non-overlapping armature windings is similar to that of the conventional PM machine. The tangentially magnetized LCF PMs behave as flux adjustors, and the NdFeB PMs allow the flux-concentrating effect to increase the torque density. On the other hand, the main difference refers to the magnetic circuit and position of two types of PMs. Evidently, the geometric conflicts between the two sets of windings and hybrid magnets can be alleviated.
B. Flux Regulation Principle
The variable-flux principle of the proposed PS-SFMMs having different magnetic circuit structures can be illustrated by a simplified hysteresis model of LCF PMs, as shown in Fig. 2 [10], [13] . First, it can be observed that the coercive force of LCF PM is much lower than that of NdFeB. Thus, the PM working point can be repetitively shifted between different recoil lines by temporarily applying remagnetizing or demagnetizing current pulse. In this model, the major hysteresis loops and all the minor loops are assumed to have identical value of coercive force H c , but different values of remanence B rk . The set of recoil lines labeled with l 1 can be expressed as
where μ 0 and μ r are the vacuum permeability and the relative permeability of LCF PM, respectively, H m is the positive magnetic field intensity, and B r1k represents the corresponding kth remanence of the sets of hysteresis loops. A magnetization ratio k mr can be defined as the ratio of B rk to the remanence B r1 , that is,
Furthermore, from the hysteresis characteristics of two magnetic circuits, the following findings can be summarized. 1) For the series type, the NdFeB magnet will elevate the working point of LCF PMs to a higher level, which is able to stabilize the working point of LCF PM particularly under the on-load operation. However, the required demagnetizing current will be increased in turn. In addition, the flux regulation range is relatively limited due to the strong flux-enhancing effect of NdFeB PMs on LCF PMs. 2) For the parallel case, LCF and NdFeB PMs are located on the two independent branches, and the required magnetizing current and inverter rating will be decreased. Moreover, the flux adjusting range can be designed as sufficiently wide due to the wide variation range of the working point of LCF PMs. Nevertheless, the operating point of LCF PM is quite susceptible to the on-load magnetic field since it is closer to the knee point compared to the series case. For the two PS-SFMMs, NdFeB PMs serve as a dominant contributor for air-gap flux, while the LCF PMs work as a flux adjustor. Obviously, k mr ranges from −1 to 1, and the air-gap flux can be flexibly adjusted as the magnetization directions of LCF magnets are the same or opposite to those of NdFeB PMs, i.e., so-called the flux-enhanced and flux-weakened states, as represented by the open-circuit field distributions shown in Fig. 3 . Therefore, for low-speed region, NdFeB and LCF PMs are with the same magnetization directions, the torque density can be subsequently improved. On the other hand, for high-speed region, LCF PMs are reversely demagnetized to weaken the NdFeB PM fields, and hence the effective FW can be achieved to effectively extend CPSR within the limitation of the inverter power rating.
III. ANALYTICAL MODELING FOR PM SIZING OPTIMIZATION
The optimal magnet hybrid ratio is recognized as a key issue for PS-SFMM design. Instead of the time-consuming FE analysis, a simplified magnetic circuit method is developed to facilitate the optimization approach of the PM sizing. Consequently, in order to analytically reveal the underlying design tradeoff, both the parallel and series magnetic circuits are investigated here.
A. Simplified Magnetic Circuits
The simplified magnetic circuits of the spoke-type PSSFMMs with series and parallel PM arrangements are portrayed in Figs. 4 and 5 , which neglect the magnetic reluctances of iron parts. First, for the parallel case, the air-gap fluxes δ+ and δ − at the flux-enhanced and flux-weakened states can be analytically formulated for the further optimization [15] 
where H c1 and H c2 are the coercive forces of LCF and NdFeB PMs, respectively, h m1 and h m2 are the thicknesses of LCF and NdFeB PMs, respectively, A m1 and A m2 are the cross-sectional areas of LCF and NdFeB PMs, respectively, μ r1 and μ r2 are the relative permeabilities of LCF and NdFeB PMs, respectively, μ o is the vacuum permeability, and R g is the air-gap magnetic reluctance. The flux adjusting ratio α mag is defined as the ratio of δ+ to δ− for characterizing the air-gap flux control range, that is,
As for the series type, the corresponding open-circuit air-gap fluxes δ+ and δ− at the flux-enhanced and flux-weakened states can be analogously represented as and the flux adjusting ratio α mag can be expressed as
B. Design Tradeoffs
With the aid of the magnetic circuit model, the magnet sizing should be optimized as a key parameter. The variations of the normalized maximum air-gap flux and flux adjusting ratio with the magnet cross-sectional ratio ( A m2 /A m1 ) of DS-SFMM are calculated and compared with the FE results shown in Fig. 6 . It shows that there is a design tradeoff between the torque capability and flux regulation range in both two PS-SFMMs [15] . In addition, it can be observed that the key performance is mainly determined by the magnet crosssectional and thickness ratios for the parallel and series cases, respectively. Meanwhile, the optimal magnet cross-sectional and thickness ratios for the parallel and series cases can be obtained, i.e., ∼1.5, which well balances the torque capability and flux adjusting range. As a result, the design parameters can be optimized based on the constraints of optimal magnet sizing ratio, fixed copper loss of 30 W, and zero d-axis current control under the flux-enhanced state. The optimized design parameters are tabulated in Table I . For the sake of fair comparison, the two machines are designed with the same overall dimensions, PM usages, and rated current. It should be noted that the fully demagnetizing current of the series-type PS-SFMM is 2.4 times that of its parallel counterpart, which is mainly attributed to the large magnetic reluctance of two-layer PMs, as well as the stabilizing effect of the NdFeB magnets on the working point of LCF PMs, as mentioned earlier. 
IV. ELECTROMAGNETIC PERFORMANCE COMPARISON
A. Flux Regulation Performance
The open-circuit back EMFs of the two PS-SFMMs under different MSs are plotted in Fig. 7 . Obviously, the paralleltype machine exhibits the higher EMF magnitude at the fluxenhanced state. Moreover, the variation of the fundamental back EMFs at 400 r/min with the magnetization ratio of LCF PMs is shown in Fig. 8 . It can be seen that the parallel-type PS-SFMM exhibits significantly wider flux regulation range due to the enhancing effect of NdFeB field on the working point of LCF PMs. Fig. 9(a) shows the cogging torques under the flux-enhanced state. The parallel-type PS-SFMM shows slightly higher than its series counterpart. The torque against current angle characteristic is investigated in Fig. 9 (b) in advance so as to seek the maximum torque per ampere control strategy. It shows that the unity saliency ratio can be observed in the two PS-SFMMs. In addition, the torque characteristics of the machines under zero d-axis current control are investigated. The steady-state torque waveforms under rated current are shown in Fig. 9(c) . It can be observed that the parallel machine exhibits higher torque capability, together with the slightly higher torque ripple that is consistent with the cogging torque results illustrated in Fig. 9(a) . Fig. 9(d) shows the torque versus current curves. It demonstrates that the parallel machine exhibits higher torque regardless of loads.
B. Torque Performance
C. Armature Demagnetization Withstand Capability
The armature reaction fields in the two machines at rated load are shown in Fig. 10 by the frozen permeability method [18] . Obviously, there are little armature fields penetrating LCF PMs in both two machines. Besides, the onload demagnetization behavior of LCF PMs is investigated. The variation of working point of the LCF PM before and after applying a q-axis current of 50 A is shown in Fig. 11 . It demonstrates that better demagnetization withstand capability can be observed in the series case, which is mainly due to the stabilizing effect of the NdFeB PM field.
D. Iron Loss
The iron loss characteristics of the two PS-SFMMs are evaluated as shown in Fig. 12 . It shows that the parallel-type exhibits lower iron losses than the series counterpart regardless of MS, which is mainly attributed to less magnetic saturation in the series-type case. In addition, the iron loss can be further reduced by demagnetizing LCF PMs, which is beneficial for the efficiency improvement over high-speed operation.
E. Efficiency Maps
Due to the satisfactory torque quality and wide MS control range, the parallel-type PS-SFMM is selected for the following efficiency investigation [19] . The efficiency maps under different MSs are plotted in Fig. 13 . The results confirm that the proposed PS-SFMM can achieve high efficiency within a wide range of speeds and loads by combing the highest efficiency characteristics corresponding to appropriate MS under different operating regions.
V. EXPERIMENTAL VALIDATION
In order to validate the previous FE analyses, a 6-/11-pole PSMM prototype with parallel configuration is manufactured and tested to verify the feasibility of the proposed design. The stator and rotor assemblies are shown in Fig. 14 . The FE-predicted and measured open-circuit phase back EMFs at various MSs are compared with the FE predictions shown in Fig. 15 . Moreover, the transient responses of the open-circuit phase back EMFs for remagnetizing and demagnetizing current pulses are shown in Fig. 16 , which confirms the excellent flux control capability of the proposed machine. The FE-predicted and tested static torques versus rotor position characteristics are shown in Fig. 17 . It can be seen that the parallel-type PS-SFMM machine shows excellent flux regulation capability, which agrees well with the preceding analyses. Overall, a good agreement can be obtained between the measured and FE-predicted results.
VI. CONCLUSION
In this paper, a comparative study of novel PS-SFMMs having parallel and series hybrid magnet arrangements are presented. Due to the alleviation of geometric conflicts between PM excitation and armature winding, the proposed machines take the advantages of improved torque density compared to the single-stator counterparts. Based on the simplified magnetic circuit models, the design tradeoffs and design considerations for the PM sizing are analytically revealed and investigated. It shows that the optimal PM cross-sectional and thickness ratios for the parallel as well as series cases are approximately 1.5, which can well balance the torque capability and flux regulation range. The electromagnetic characteristics of the two PS-SFMMs are comprehensively compared. It can be found that a better armature demagnetization withstand capability and lower torque ripple can be observed in the series type, whereas the parallel machine exhibits lower fully demagnetizing current, higher torque capability, and wider flux regulation range, as well as high efficiency over a wide operating range, which is desirable for wide-speed-range applications. 
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